Warming and other environmental changes during the Paleocene-Eocene Thermal Maximum (PETM) led to profound shifts in the composition and structure of nannoplankton assemblages. Here we analyze the nature of these changes in an expanded shelf record from the Cambridge-Dorchester (CamDor) section in Maryland. There are three shifts observed in the CamDor assemblages which represent changes in the environment. We interpret these changes using a combination of published paleoecology and nonmetric multidimensional scaling (NMS).
The modern coastal ocean is under significant threat from the effects of human activities.
Sea level rise, eutrophication, and ocean acidification have the potential to cause profound impacts to coastal environments and ecosystems (e.g., Orr et al. 2005; Dolan and Walker, 2006, Courchamp et al. 2014) . Dead zones form due to oceanic warming, coastal eutrophication, and stratification (Diaz and Rosenberg, 2008; Doney, 2010; Keeling et al. 2010; Altieri and Gedan, 2015) . Ocean acidification, caused by uptake of carbon dioxide in the ocean, has the potential to decimate reefs (Cinner et al. 2012; Anderson and Gledhill, 2013) . Understanding the threat of human activities on the coastal ocean can influence coastal management and policy.
The geological record contains numerous examples of abrupt climate and environmental change that caused a wide range of ecological impacts (e.g., Kennett and Stott, 1991; Crouch, et al. 2001; Wing, et al. 2005; Gingerich, 2010) . The paleontological record of these events offers a unique opportunity to study the impact of processes such as ocean acidification and eutrophication of marine ecosystems (e.g., Leckie, et al. 2002; Stassen et al. 2012 ). The Paleocene-Eocene Thermal Maximum (PETM) at 55.6 Ma is of particular relevance as it involved a massive influx of carbon at a geologically fast rate (e.g., Dickens et al. 1995; Cui et al. 2011; Zeebe and Zachos, 2013) .
The PETM elicited different responses among sea surface and deep sea organisms. On the seafloor, the event corresponded to the extinction of 35-50 % of deep-sea benthic foraminiferal genera (Tjalsma and Lohmann, 1983; Thomas, 1990; Thomas, 1998) .
Nannoplankton assemblages living near the sea surface also changed significantly with major changes in assemblage composition (Bralower, 2002; Gibbs et al. 2006b , Schneider et al. 2013 , and minor increases in extinction and origination rates (e.g., Gibbs et al. 2006a ).
Nannoplankton are microscopic protists near the base of the food chain that produce calcite skeletons. This group, which includes the coccolithophores, are cosmopolitan, abundant, and highly sensitive to changes in temperature and nutrients (e.g., Okada and Honjo, 1973; Beaufort et al. 2011) . Assemblage changes at the PETM are thought to result from a variety of different causes, including warming, and changes in the distribution of nutrients (Bralower, 2002; Gibbs et al. 2006b; Agnini et al. 2007; Raffi et al. 2009 ).
A great deal of effort has been devoted to the investigation of deep-sea PETM records, including characterizing the geochemical and biotic changes during the event (e.g., Pak and Miller, 1992; Ravizza et al. 2001; Thomas et al. 2002; Nunes and Norris, 2006; Sluijs et al. 2014; Penman et al. 2014) . These studies show that the onset of the PETM in the deep sea is highly condensed and possibly incomplete as a result of shoaling of the lysocline and calcite compensation depth (CCD) (e.g., Zachos et al. 2005; Colosimo et al. 2006; Bralower et al. 2014 ).
More recently, there has been increasing focus on shelf sections which contain a highly expanded and apparently complete record of the onset of the event (e.g., Gibson et al. 1993; Bybell and Self-Trail, 1995; Gibbs et al. 2006b; Sluijs et al. 2007; John et al. 2008; Self-Trail et al. 2012; Stassen et al. 2012 ).
Here we study changes in nannoplankton assemblages across the onset of the PETM in the Cambridge-Dorchester (CamDor) core from Maryland. CamDor contains a highly expanded PETM section deposited in the middle shelf allowing us to investigate the nannoplankton response to warming and other environmental shifts at the onset of the event in unprecedented detail. The results from CamDor are integrated with data from four PETM sections in Maryland and New Jersey to determine how ecological changes vary across the continental shelf.
MATERIALS AND METHODS
Drilling at Cambridge-Dorchester, MD (CamDor) recovered an expanded record of the uppermost Paleocene Aquia Formation and the overlying lowermost Eocene Marlboro Clay.
The Aquia Formation is glauconite-rich with a coarser grain size ranging from sand to sandy silt (Self-Trail, 2011) . The Marlboro Clay is composed of faint, micaceous laminated clayey silt and silty clay (Stassen et al. 2012 (2012) with identification at the species level. Duplicate counts of 300 and 500 specimens were conducted to determine whether 300 specimen counts captured the assemblage composition.
Because the counts of 500 specimens did not capture additional species, 300 specimens were counted in each sample. In addition, replicate counts of 300 specimens were performed to determine reproducibility (Fig. 2) . For ecological analyses, species were grouped into genera with the exception of the excursion taxa, Discoaster salisburgensis var. araneus, Discoaster salisburgensis var. anartios, and Toweius serotinus (Self-Trail et al. 2012) Comm. 2016) for CamDor.
Statistical Analysis
Statistical analyses were conducted with R (www.r-project.org) using the "vegan" and "cluster" packages. Data were analyzed with cluster analysis, nonmetric multidimensional scaling (NMS), and detrended correspondence analysis (DCA). Because NMS and DCA analyses provided similar responses, NMS was chosen to interpret the data collected. The benefit of using NMS for ordination of ecological data is that it makes no assumptions about the relationships among the variables. This decreases the possibility of bias due to assumptions found in DCA (McCune and Grace, 2002) .
The NMS analysis of the entire transect was performed on species grouped into genera with the exception of the excursion taxa, D. salisburgensis var. araneus and T. serotinus, as well as D. falcatus. Samples without nannofossils were removed from the analysis. Genera were removed from analysis if the specimens amounted to less than 2% of the total sample count throughout its range.
No standardizations were used in statistical analyses as sample counts were limited to 300. In cluster analyses, distance measurements used were the Bray-Curtis coefficient.
Hierarchical clustering was conducted using Ward's method. Though this linkage method is considered incompatible with the distance measure chosen, the agglomerative coefficient from the CamDor clustering graph was very high (0.97). The transposed data were relativization by maximum (meaning the data was divided by the margin maximum) to equalize common and uncommon species. The transposed data also used the Bray-Curtis coefficient and Ward's method for clustering. The agglomerative coefficient was .60, which is less than what was seen in the sample cluster graph.
NMS used the Bray-Curtis coefficient for determining distances within the data matrix..
The maximum number of dimensions analyzed was 10 for statistical assurance. The maximum number of runs for each additional dimension was 20. NMS used the square root transformation as well as the Wisconsin double standardization.
RESULTS

Changes in CamDor Assemblages
There is a 1.68 meter interval near the base of the CIE in which virtually no nannoplankton are found as a result of dissolution. Assemblages show distinct differences above and below this dissolution interval (DI; Fig. 3 ). Hornibrookina arca peaks in abundance for a short interval below the DI then disappears just above it (Fig. 3a) . C. pelagicus shows a dramatic increase in abundance just below and above the DI (Fig. 3a) . Chiasmolithus decreases in abundance above the DI while Neochiastozygus increases (Fig. 3a) . Discoaster shows a significant increase in abundance above the DI including the appearance of the excursion species, D. salisburgensis var. araneus (Fig. 3a) . The other excursion species, D. salisburgensis var. anartios is too rare to be observed in counts. The most abundant taxon, Toweius spp. is equally abundant above and below the DI (Fig. 3a) . Fasciculithus shows peak abundance just below the DI and a minor increase at the top of the study interval. 
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Changes across the Shelf Transect
The following significant changes in assemblages observed at CamDor are seen in other cores from the shelf transect (note that there is an equivalent DI is each of the sections): (1) H. arca shows a peak in abundance just below the DI; (2) Discoaster increases in diversity and abundance above the DI; (3) C. aperta, Hornibrookina, and Cyclogelosphaera are not found above the DI; and (4) D. salisburgensis var. araneus, L. nascens and Rhomboaster appear above the DI.
Cluster Analysis
The results of cluster analysis of the CamDor assemblage are shown in Figure 4 . A total analysis of genera is seen in Fig. 4a , while the result of potential noise reduction is seen in Fig. 4b. Genera (with exception to excursion taxa) that did not surpass 2 percent of the total population size anywhere throughout the core were ignored for Figure 4b . 
NMS of CamDor Samples and Species
Samples from within the DI are removed from the NMS analysis. NMS reveals a general grouping of samples (Fig. 5) . The group of samples with high NMS1 values is from above the DI while the group of samples with low NMS1 values is from below the DI. Three samples lie
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between the two groups (29, 30, and 61). Samples 29 and 30 represent the return of nannoplankton post-DI, and Sample 61 represents the oldest part of the core. 
NMS of Shelfwide Transect
Samples from different sections cluster in NMS space (Fig. 7) . Samples from MCBR 
DISCUSSION
The CamDor section contains a highly expanded record of the onset of the PETM that provides an opportunity to determine how changing surface water habitats at mid-shelf depths impacted nannoplankton assemblages. Here we interpret trends at CamDor separately and then integrate them with data from other sections (Bass River, South Dover Bridge, Mattawoman
Creek Billingsley Road (MCBR), and Wilson Lake) to investigate changes across the shelf. One of the major goals is to determine how change in temperature, influx of freshwater, and supply of nutrients impacted nannoplankton assemblages during the onset of the event.
CamDor Assemblage
There are three levels in the CamDor section where assemblages change significantly.
Shift 1: At 225.65 m there is a sharp increase in the abundance of Hornibrookina and a decrease in Toweius (Fig. 3a) . These changes are coincident with a minor decrease in carbon isotope values that may represent the pre-onset carbon isotope excursion (POE; Bowen et al. 2014 ).
Shift 2: Coincident with the onset of the CIE, just below the dissolution interval (DI) at 224.07 m there is a sharp increase in the abundance of Discoaster, Fasciculithus and Coccolithus and a decrease in the abundance of Hornibrookina (Fig. 3a) . Shift 3: At the top of the dissolution interval (DI) there is a substantial change in the whole assemblage with increases in Coccolithus, Discoaster, Fasciculithus and Neochiastozygus, a sharp decrease in Hornibrookina, and a smaller decrease in Chiasmolithus (Fig. 3a) .
Although the shifts in the nannofossil assemblages are significant, it is difficult to unravel the various influences on nannoplankton ecology. Temperature, water column stratification, nutrients, and salinity can influence the abundance of genera and it is likely that these variables changed in concert (e.g., Bralower, 2002; Gibbs et al. 2006b; Self-Trail et al. 2012; Schneider et al. 2013) . For example, input of fresh water might have lowered salinity and increased nutrient levels; similarly warming may have caused an increase in stratification and a decrease in upwelling. Using paleoecological assignments from previous studies (Table 1) , we can interpret how the three shifts in assemblages relate to environmental changes during the early stages of the PETM. Shift 1: Hornibrookina is thought to be adapted to eutrophic to mesotrophic conditions (Schneider et al., 2013) thus the increase in its abundance at the POE possibly results from a rapid influx of nutrients. Shift 2: Discoaster and Fasciculithus are thought to be adapted to warm, oligotrophic conditions thus the increase in their abundance at the onset of the CIE likely results from a combination of warming and a decrease in nutrient levels. 1, Schneider et al. 2013; 2, Bralower 2002; 3, Gibbs et al. 2006b; 4, Self-Trail 2011 Cluster analysis allows us to interpret changes in the structure of nannofossil assemblages. We categorize the ecological affinities of the clusters in Figure 4 based on the compilation in Table 1 . Even though it is impossible to reconcile the affinities of every taxon in a cluster, we maintain that the broad patterns are significant. The clusters show the significant change at the DI, which indicates a fundamental change in the structure of assemblages (as seen in Appendix Fig. A.7) . Below the DI the ecological affinities of the clusters are well delineated whereas above the DI species of different ecological affinities are grouped within clusters.
Genera that disappear at the DI (e.g., Hornibrookina and Coronocyclus) are adapted to high nutrient influx and/or cold temperatures. Genera that appeared above the DI (e.g., Ericsonia) are those that preferred high temperatures and/or low nutrient supply, as well as a preference for high nutrients (e.g., Campylosphaera, Neochiastozygus, and Pontosphaera). This suggests that changes in the environment were extreme enough to force changes in community structure.
Again, warming and decreasing nutrient content appear to be the most significant factors influencing the post-DI assemblage.
The NMS of CamDor genera agree with the interpretations of clusters. There are two shallow diagonal axes that explain the distribution of the genera (Fig. 6) . One diagonal axis (upper left to lower right) is interpreted as a gradient in temperature. The other diagonal axis (lower left to upper right) is interpreted as a gradient in productivity. The trend in sample distribution through time (as seen in Fig. 5 ) is a diagonal from the lower right corner towards the upper left. When viewed separately, the pre-DI samples trend from top to bottom, then towards the middle. The post-DI samples show a wide spread, but the overall direction is in a diagonal towards upper left corner (Fig. 5) . Combined NMS and cluster analysis indicate that the nannoplankton at CamDor shifted from a cool/temperate, mesotrophic assemblage with moderate nutrient influx to an assemblage adapted to a combination of warming and lower nutrient supply.
Shelf Transect Assemblage
Understanding the paleoenvironmental factors that influence the distribution of sample locations in the shelf transect NMS requires further analysis of the NMS values of the genera that are present at the other sections but not detected at CamDor. The genera and species that were not counted in CamDor are Biscutum, Calcidiscus, D. anartios, Semihololithus biscayae, Sphenolithus, Transversopontis, Umbilicosphaera, and Zygrhablithus.
The interpretation of warming and lower nutrient content at the onset of the PETM at CamDor differs from Gibbs et al. (2006b) who interpreted assemblage changes in New Jersey sections during the PETM to result from increased productivity. The basis for the Gibbs et al. (2006b) interpretation is the increase in the abundance of small placoliths, Campylosphaera, Coronocyclus, Neochiastozygus, Neococcolithes, and Pontosphaera which are interpreted as eutrophic taxa. Campylosphaera, Neochiastozygus, and Pontosphaera are also found to increase above the DI at CamDor (Fig. 3b) but to a lesser degree than in the New Jersey sections. Gibbs et al. (2006b) also found a minor increase in the abundance of Discoaster, Fasciculithus and Sphenolithus for a short interval just above the DI at Wilson Lake but to a lesser degree than at CamDor. Thus it is possible that the increase in Discoaster and Fasciculithus in CamDor and the New Jersey sections is largely a result of warming and not a decrease in nutrients.
Alternatively, it is possible that nutrient levels were higher in New Jersey than in Maryland. Stassen et al. (2015) interpreted an interval of eutrophication at the onset of the PETM based on benthic foraminiferal assemblages in the New Jersey sections.
Assemblage trends at CamDor are similar to those at South Dover Bridge (Self Trail et al., 2012) . The trends in Chiasmolithus in the two sections are similar, although this genus is rarer above the DI at CamDor. Hornibrookina shows a significant peak in both sections just When the shelf sites are combined in one NMDS analysis, Hornibrookina plots on the other end of the nutrient axis from the placolith species that are interpreted as eutrophic (e.g., Gibbs et al., 2006b) (Figure 7 ). There are two interpretations for this separation. The first is that Hornibrookina is in fact a cold water, oligotrophic genus; the second is that the genus is adapted to another ecologic variable such as lower salinity. Stassen et al. 2015) . This indicates that one of the NMS axes may represent water depth (Fig. 7) . Wilson Lake (100-110 m; Stassen et al. 2015) plots on the deep side of Bass River. A possible explanation for the reversal in depth trend is that the PETM at Bass River is very condensed and the analyzed interval does not correlate exactly with the other sites. Since there is not likely to be a change in the degree of warming across the shelf, the depth trend suggests a decrease in productivity from the inner to the outer shelf at the onset of the PETM.
Influences on Global Ocean Assemblage Changes
The combined results of the shelf transect, suggest that the nannoplankton assemblages underwent a sharp change in abundance and structure dominated by warming. Though there were specific genera of nannoplankton that indicate increased productivity at CamDor (Fig. 3b) , the core results also showed signs that temperature was the stronger influence on the nannoplankton community (Fig. 4) . Schneider et al. (2013) made a broader comparison of shelf cores (including Bass River and Wilson Lake) with open ocean sites to estimate nutrient availability throughout the ocean.
The GENIE model (Cui et al. 2011 ) was used to predict nutrient availability in the ocean during the PETM as a comparison to assemblage data. The model could not be used to analyze the shelf sites because the grid resolution was too coarse. The model predicts increased biological pumping efficiency at the open ocean sites. An efficient biological pump is characteristic of oligotrophic conditions, so the GENIE model results (Schneider et al. 2013 ) supported the hypothesis that open ocean productivity declined during the PETM (Bralower, 2002; Gibbs et al. 2006b ). The DCA analysis of Schneider et al. (2013) also suggests that warming had a larger role on shelf assemblages than increased productivity which agrees with the results of this investigation.
CONCLUSIONS
Nannoplankton in samples from the CamDor core provide information about the changes in the shelf environment during the onset of the PETM. There are three prominent shifts in assemblages: (1) coincident with the pre-onset carbon isotope excursion assemblages indicate an increase in surface ocean productivity; (2) immediately below the prominent dissolution zone at the onset of the PETM there is a sharp increase in taxa that are thought to represent a combination of warming and decreased productivity; and (3) the whole assemblage shifts above the dissolution interval largely as a result of warming. Cluster analysis show that the structure of 
APPENDIX
Nonmetric Multidimensional Scaling
Nonmetric multidimensional scaling (NMS) was used to ordinate the nannofossil counts.
10 runs were done to determine the number of dimensions (K) to see whether the values' positions would change dramatically, and as such when K=3 dimensions, the graph was found to be the most representative of the data. The scree plot for CamDor showed that the stress was less than five which means that the data shows excellent ordination. 
